Asiatic acid, a pentacyclic triterpene compound identified in the medicinal plant Centella asiatica, has shown various biological effects such as wound healing 1) and protective activities against UV-induced photoaging, 2) glutamate-or bamyloid-induced neurotoxicity, 3, 4) and hepatofibrosis. 5) Recently, research on asiatic acid has been more focused on its apoptosis-inducing activity in various cancer cells. [6] [7] [8] In addition, it has also been reported that asiatic acid induces cell cycle arrest and anti-proliferative effects on human breast, gastric, and utrine cancer cells. 9) Moreover, asiatic acid has shown potentiating activity on the effect of the anticancer drug irinothecan, 10) suggesting promising potential of asiatic acid as a chemotherapeutic agent against cancer. However, despite of studies showing anticancer effect of asiatic acid in vitro, the effect of asiatic acid on carcinogenesis remains unknown.
Carcinogenesis is a multistep process comprising initiation, promotion, and progression stages arising as a result of chemical or biological insults to normal cells. Of the carcinogenesis processes, the tumor promotion stage is characterized by a sustained cellular proliferation of epidermal cells. There have been supporting data that nitric oxide (NO) acts a key signaling molecule in carcinogenesis. High and sustained generation of NO has been detected in various cancer tissues 11) and even in the urine from bladder cancer patients.
12)
Furthermore, high level of iNOS expression has been correlated with tumor growth, 13) angiogenesis, 14, 15) and metastasis. 16, 17) Many other studies have also demonstrated that NO enhances cyclooxygenase-2 (COX-2) enzyme activity as well as its expression. [18] [19] [20] In addition, COX-2 is now well known to mediate not only inflammatory reactions but the pathogenesis of various types of cancers. [21] [22] [23] [24] [25] Furthermore, combined administration of a selective inducible NO synthase (iNOS) inhibitor with celecoxib, a COX-2 inhibitor, has shown a synergistic chemopreventive effect on colon carcinogenesis. 26) Therefore, NO and COX-2 seem to be important molecular targets for chemoprevention.
The present study was undertaken to examine whether asiatic acid exerts chemopreventive effects on TPA-mediated skin carcinogenesis and to elucidate the molecular mechanisms underlying the anti-tumor promotion activity of asiatic acid in mouse skin using two-stage carcinogenesis, the most commonly used animal model for carcinogenesis with 12-Otetradecanoylphorbol 13-acetate (TPA), the most studied and known tumor promoter. Animal Treatment Female ICR mice at 6 weeks of age (from Hyochang Science, Umsung, Korea) were housed in well-ventilated polypropylene cages. The animal facility was maintained with a 12 h light/12 h dark cycle, a temperature of 24Ϯ2°C, and a relative humidity of 55Ϯ10%. They were fed standard mouse chow and water ad libitum. The dorsal skin of the mice was shaved with an electric clipper (Joas, Seoul, Korea) followed by the application of hair-removing cream (Ildong Co., Ltd., Seoul, Korea) at least 2 d prior to the treatment. Only those mice that did not show any signs of hair regrowth were used for experiments. DMBA, TPA, AG, NAME, and asiatic acid were dissolved in 200 ml of acetone and applied to the dorsal shaven areas.
MATERIALS AND METHODS

Materials
Animal experiments were performed according to the institutional guidelines of the National Institute of Health and the University for the care and use of laboratory animals.
Two-Stage Mouse Skin Tumorigenesis
At the start of the experiment, all groups of mice were treated on their shaven backs with a single topical application of DMBA (40 mg in 0.2 ml of acetone). One week after initiation, Group I animals served as positive controls receiving acetone application followed by 5 mg TPA in 0.2 ml acetone. Group II animals received topical applications of 30 mmol asiatic acid in 0.2 ml acetone 1 h prior to application of 5 mg TPA twice a week until termination of the experiment. Group III mice were treated as Group II mice, except that they were treated with 50 mmol asiatic acid. Tumor incidence was determined by palpation on every 3rd day. DMBA-initiated mice received topical application of TPA 1 h after the treatment with asiatic acid. Eighteen hours after treatment with TPA, the mice of all groups were given [ 3 H]thymidine (15 mCi/mouse/0.2 ml saline) as an intraperitoneal injection and were killed after 2 h by cervical translocation. The skin tissues were quickly removed and cleaned free of extraneous material including dermis on ice, and homogenized in ice-cold water containing an equal volume of ice-cold trichloroacetic acid (10%). The precipitate thus obtained was washed with cold trichloroacetic acid (5%) and incubated with cold perchloric acid (10%) at 4°C overnight. After incubation, the mixture was centrifuged and the precipitate was washed with cold perchloric acid (5%). The precipitate was dissolved in warm perchloric acid (10%), followed by incubation in a boiling water bath for 30 min. It was then filtered through Whatman 50 filter paper. The filtrate was used for [ Nitrite Assay The amount of nitrite was measured as an index of NO production by the Griess reaction. 28) Mouse skin was excised and homogenized in 50 mM potassium phosphate buffer (pH 7.2). The homogenates were centrifuged at 25000 g for 20 min at 4°C. The supernatants were mixed with an equal volume of the Griess reagent (1% sulphanilamide, 0.1% naphthylethylenediamine, 2.5% phosphoric acid) in duplicate on 96-well plates. After incubation at room temperature for 10 min, the absorbance at 540 nm was measured by Microplate ELISA reader (Molecular Devices, CA, U.S.A.). The amount of nitrite formed was normalized to the protein content of the skin.
Western Blot Analysis For isolation of protein from mouse skin, the skin tissues cleaned free of dermis and fat on ice were immediately placed in liquid nitrogen and ground in a mortar. The ground tissue was lysed in 2 ml ice-cold lysis buffer (10 mM Tris-HCl, pH 7.6, 10 mM EDTA, 150 mM NaCl, 0.1% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol, protease inhibitor cocktail). Lysates were centrifuged at 13000 g at 4°C for 15 min, and supernatant proteins were separated on 14% or 15% SDSpolyacrylamide gels and transferred to nitrocellulose membrane at 200 mA for 1 h. The membrane was blocked with 5% skim milk in a TBS buffer containing 0.1% Tween 20 (TBST) at room temperature for 1 h. The membranes were immunoblotted with primary antibodies in TBST contained 5% skim milk for 2 h. After three washings with TBST, the membranes were incubated with anti-goat IgG HRP conjugated secondary antibody (Santa Cruz Biotechnology Inc.). After three successive washings with TBST, the proteins were developed using a chemiluminescence assay kit and exposed to ECL film (Amersham Life Science, Buckinghamshire, England).
Statistical Analysis The two-tailed Student's t-test was employed to assess the significance of the data. The data are presented as meanϮS.E.M. The level of significance was taken at pϽ0.05.
RESULTS
Inhibitory Effect of Asiatic Acid on DMBA/TPA-Induced Skin Tumor Promotion in Mice
The reported activities of asiatic acid in cell cycle arrest, anti-proliferation, and the induction of apoptosis in various cancer cells in vitro reflect the chemopreventive potential of asiatic acid. In the present study, we examined the preventive effect of asiatic acid on tumor promotion in DMBA-initiated and TPA-promoted mouse skin. At 20 weeks after promotion in DMBAinitiated dorsal skin of mice, the tumor incidence in the control group was 90% (Fig. 1A) . Topical application of asiatic acid prior to TPA treatment reduced the multiplicity of papillomas even though it had no significant effect on the tumor incidence. The average number of tumors per mouse in the control was 8, which was significantly reduced to 5 by pretreatment with asiatic acid at 30 and 50 mmol (Fig. 1B) . In addition, we also examined the effect of pretreatment with asiatic acid on TPA-mediated enhancement of [ 3 H]thymidine incorporation into mouse epidermal DNA, which is a conventional marker for skin tumor promotion. Treatment with TPA alone resulted in about a 2-fold enhancement in [ 3 H]thymidine incorporation as compared with acetonetreated control mice (Fig. 2) . However, the pre-application of asiatic acid significantly reduced TPA-induced [ 3 H]thymidine incorporation.
Asiatic Acid Inhibits TPA-Induced NO Production and the Expression of iNOS and COX-2 in Mouse Skin It has been reported that the expression of iNOS and NO production is increased in various human tumors and TPA-induced experimental tumorigenesis. 19 ) Therefore, we investigated whether asiatic acid has a modulating effect on TPA-induced NO production. TPA increased NO production (Fig. 3A) and iNOS expression (Fig. 3B) in mouse skin, which, however, was significantly suppressed by the topical application of asiatic acid prior to TPA treatment. Since abundant evidence has shown that COX-2 expression is closely involved in carcinogenesis, we examined whether asiatic acid also reduces TPA-induced COX-2 expression. Concomitantly with the suppression of iNOS, pretreatment with asiatic acid decreased the expression of COX-2 induced by TPA (Fig. 3B) . Next, we examined the possibility that decreased production of NO by asiatic acid was related to the suppression of TPAinduced COX-2 level. Topical application of AG, a selective iNOS inhibitor, or NAME, a nonselective blocker of NOS isoforms, prior to TPA treatment significantly prevented TPA-induced expression of COX-2 (Fig. 3C) , of which effect was similar to that of asiatic acid.
DISCUSSION
Of the carcinogenesis processes, the tumor promotion stage is reversible and thus would be the proper point for Female ICR mice were treated topically with acetone or asiatic acid 1 h prior to TPA on the back. In the experiments of (A), the amount of nitrite produced was measured 4 h after TPA treatment by the Griess reaction. The data are expressed as meanϮS.E.M. obtained from six mice/group. In the experiments of (B), proteins extracted from the back skin of mice 1 h and 4 h after TPA application were analyzed for iNOS and COX-2, respectively. In the experiments of (C), mice were pretreated topically with either acetone or aminoguanidine (30 mmol) and NAME (10 mmol) for 30 min, and asiatic acid for 1 h prior to TPA application. Mice were killed at 4 h after TPA application by cervical dislocation. The western blot is representative of four independent experiments. In the bar graph, the expression of iNOS and COX-2 was normalized to actin using a densitometer. AA, AG, and NAME represent asiatic acid, aminoguanidine, and N G -nitro-L-arginine-methyl ester, respectively. * pϽ0.05 compared to the acetonetreated control group. # pϽ0.05 compared to the group treated with TPA.
chemoprevention. Our present study clearly demonstrated that asiatic acid inhibits tumor promotion in the mouse skin model of multistage carcinogenesis. The concentrations of asiatic acid used in this anti-tumor promotion study were over IC 50 on cancer cell viability from our previous study. 7, 8) Asiatic acid has been shown to induce cell cycle arrest, antiproliferative effects on various cancer cells, and potentiating activity on the effect of the anticancer drug irinothecan. In addition to the in vitro antiproliferative activity in various cancer cells, our results suggest that asiatic acid may be a valuable candidate for the therapeutic intervention of cancers in the promotion stage.
Increased expression of iNOS and NO has been reported to play a key role in promoting carcinogenesis, and the NO signal would be a molecular target for chemoprevention. 18, 29) Especially, an increasing amount of evidence has shown that iNOS expression is significantly correlated not only with size and histopathology of colorectal cancers but also with the expression of COX-2. 30, 31) Moreover, overexpressed COX-2 has been considered to play a critical role in tumor promotion. COX-2 expression is up-regulated in a variety of human cancers. Experimental carcinogenesis studies in which TPA is most frequently used as skin tumor promoter have also shown that COX-2 protein, a phorbol ester-responsive gene product, is induced. Thus, COX-2 is a major molecular target of cancer chemoprevention, which approach is supported by studies showing that non-steroidal anti-inflammatory drugs and celebrex, a COX-2 selective inhibitor, protect against a variety of tumors. Our current result that asiatic acid inhibits the TPA-induced iNOS and COX-2 expression demonstrates that a molecular target of asiatic acid, as a cancer chemopreventive agent, may be COX-2. Furthermore, our results showed that the inhibitory effect of asiatic acid on the TPAinduced expression of iNOS and COX-2 was similar to that of topical pre-application of iNOS inhibitors, which indicates that the suppression of tumor promotion by asiatic acid may be related to nitric oxide signaling pathway leading to COX-2 induction. In line with recent reports that TPA induces up-regulation of COX-2 expression in human epithelial cells, 32, 33) asiatic acid may exert anti-tumor promotion through inhibitory actions in the NO-COX-2 pathway. Also, the possibility can not be excluded that anti-tumor promoting effects of asiatic acid may be mediated through an independent action on the expression of iNOS and COX-2.
